Optical bistability is reported in InP / GaInAsP equilateral-triangle-resonator (ETR) microlasers, which are fabricated by planar technology. For a 30 m side ETR microlaser with a 2-m-wide output waveguide connected to one of the vertices of the ETR, hysteresis loops are observed for the output power versus the injection current from 215 to 235 K. The laser output spectra are measured in the upper and lower states of the hysteresis loop, which show strong mode competition among transverse modes. The hysteresis loops are demonstrated by two-mode rate equations with asymmetric cross gain saturation and different output efficiencies. © 2009 Optical Society of America OCIS codes: 140.2020 Bistable semiconductor microlasers that can be integrated with planar semiconductor technology are required to function in photonic integrated circuits as optical memory and optical flip-flops for complex optical processes [1, 2] . Bistability in semiconductor lasers was first proposed and realized in two-section semiconductor lasers with saturable absorption in one section [3] [4] [5] . Optical bistability was also observed in cleaved coupled-cavity lasers owing to gain saturation when both sections of the laser operate in the above-threshold regime [6] . However, two-section bistable semiconductor lasers are difficult to apply in photonic integrated circuits due to their large size, and their switching times are limited by the carrier relaxation time [2] . Recently, polarization bistability in vertical-cavity surface-emitting lasers [7] [8] [9] and unidirectional bistability in semiconductor ring lasers due to the mode competition of the clockwise and anticlockwise traveling modes [10] [11] [12] have attracted great attention, because the bistability in two-mode lasers arising via gain saturation has an ultrahigh switching speed. Furthermore, a fast low-power optical memory was realized by connecting two microring lasers together via a waveguide [1], and bistable operation was investigated in photonic crystal microcavities by using two resonant modes [13, 14] . In this Letter, we report optical bistability in an InP / GaInAsP equilateral triangle resonator (ETR) microlaser. Comparing this bistability to the unidirectional bistability in the ring resonator lasers [10-12], we think that the ETR lasers can have a much smaller size, a lower threshold current, and the same switching time as the ring lasers. The schematic graph of the InP / GaInAsP ETR microlaser is plotted in Fig. 1 , which is fabricated by standard photolithography and an inductively coupled-plasma etching technique [15] . Continuouswave electrically injected operations were realized at room temperature for 10-30 m side ETR microlasers with a 2-m-wide output waveguide connected to one of the vertices of the ETR. For a 10-m-wide ETR with a refractive index of 3.2 and a 0.7-m-wide output waveguide, the distributions of magnetic field component H z , calculated by the finitedifference time-domain (FDTD) technique, are plotted in Fig. 2(a) for the symmetric and Fig. 2(b) for the antisymmetric states of the fundamental mode TE 0,33 at wavelength 1537 nm, which have output efficiencies defined as the ratio of the energy flux in the output waveguide to the total energy flux around the ETR of 0.32 and 0.26, respectively [16] . As the width of the output waveguide is 0.4 m, the symmetric and antisymmetric states have the output efficiencies of 0.23 and 0.10. Furthermore, the antisymmetric state has zero output efficiency, as the output waveguide is a single-mode waveguide.
Bistable semiconductor microlasers that can be integrated with planar semiconductor technology are required to function in photonic integrated circuits as optical memory and optical flip-flops for complex optical processes [1, 2] . Bistability in semiconductor lasers was first proposed and realized in two-section semiconductor lasers with saturable absorption in one section [3] [4] [5] . Optical bistability was also observed in cleaved coupled-cavity lasers owing to gain saturation when both sections of the laser operate in the above-threshold regime [6] . However, two-section bistable semiconductor lasers are difficult to apply in photonic integrated circuits due to their large size, and their switching times are limited by the carrier relaxation time [2] . Recently, polarization bistability in vertical-cavity surface-emitting lasers [7] [8] [9] and unidirectional bistability in semiconductor ring lasers due to the mode competition of the clockwise and anticlockwise traveling modes [10] [11] [12] have attracted great attention, because the bistability in two-mode lasers arising via gain saturation has an ultrahigh switching speed. Furthermore, a fast low-power optical memory was realized by connecting two microring lasers together via a waveguide [1] , and bistable operation was investigated in photonic crystal microcavities by using two resonant modes [13, 14] . In this Letter, we report optical bistability in an InP / GaInAsP equilateral triangle resonator (ETR) microlaser. Comparing this bistability to the unidirectional bistability in the ring resonator lasers [10] [11] [12] , we think that the ETR lasers can have a much smaller size, a lower threshold current, and the same switching time as the ring lasers.
The schematic graph of the InP / GaInAsP ETR microlaser is plotted in Fig. 1 , which is fabricated by standard photolithography and an inductively coupled-plasma etching technique [15] . Continuouswave electrically injected operations were realized at room temperature for 10-30 m side ETR microlasers with a 2-m-wide output waveguide connected to one of the vertices of the ETR. For a 10-m-wide ETR with a refractive index of 3.2 and a 0.7-m-wide output waveguide, the distributions of magnetic field component H z , calculated by the finitedifference time-domain (FDTD) technique, are plotted in Fig. 2 (a) for the symmetric and Fig. 2 (b) for the antisymmetric states of the fundamental mode TE 0,33 at wavelength 1537 nm, which have output efficiencies defined as the ratio of the energy flux in the output waveguide to the total energy flux around the ETR of 0.32 and 0.26, respectively [16] . As the width of the output waveguide is 0.4 m, the symmetric and antisymmetric states have the output efficiencies of 0.23 and 0.10. Furthermore, the antisymmetric state has zero output efficiency, as the output waveguide is a single-mode waveguide.
For a 30 m side ETR laser of the same batch of lasers as in [15] , which can operate up to 263 K in cw mode, hysteresis loops are observed from 215 to 235 K with the lasing mode at about 1510 nm. The output powers versus cw injection currents measured for increasing and decreasing current are plotted in Fig. 3 , which have threshold currents of 7 and [17] . Furthermore, we can assign the peaks at 1498.44 and 1497.80 nm with the wavelength interval 0.64 nm as the second-and the fourth-order transverse modes. So the longitudinal mode interval is 11.56 nm between peaks at 1510.0 and 1498.44 nm, and the mode group index is 4.35, calculated from the longitudinal mode interval. The odd-order transverse modes are not observed in the laser spectra, which should appear at about 1504 nm, i.e., in the middle of the two longitudinal modes with even-order transverse mode numbers [17] . The spectra detail of the two main peaks in Fig.  4(b) shows that the main peak at 1510.3 consists of two modes with a wavelength interval of about 0.08 nm, which can be attributed to the degenerate modes of symmetric and antisymmetric states [18] .
Finally, we simulate the bistable characteristics by rate equations for two modes with different output efficiencies:
where P is the pump rate; A, B, and C are the defect, bimolecular, and Auger recombination coefficients; N the carrier density; v g the mode group speed; ⌫ the optical confinement factor; ␥ the spontaneous emission factor; and S i , g i , and ␣ i the photon density, the gain and the mode loss of mode i ͑i =1,2͒. Accounting for the self-saturation and the cross saturation, we express the gain coefficient as [7] 2 , and S at r = 0.3 versus the normalized pumping rate are plotted in Fig. 5 as the dotted, the dashed, and the solid curves. With an increase in the pumping rate, S 2 first reaches threshold and increases rapidly own to its lower mode loss, and S 1 increases slowly. However, the different cross saturation with C 21 Ͼ C 12 makes that S 2 drop to a low value, and S 1 jumps to a high value when the normalized pumping rate is larger than 3.3. As the pump rate decreases from a value larger than 3.3, S 2 jumps to a high value, and S 1 drops to a low value at the pumping rate of 2.8. So a hysteresis loop exists at the normalized pumping rate from 2.8 to 3.3. If r = 0.5, we cannot obtain a hysteresis loop, because S 1 and S 2 have the same output efficiencies. Asymmetrical nonlinear gain was also applied to explain bistability and mode jumps in a semiconductor laser [19] . Spectral and spatial hole burnings and longitudinal-mode beating are possible origins of the nonlinear gain in Fabry-Perot semiconductor lasers. The spatial hole burning is more complicated in the ETR microlasers, and further investigation is required.
In conclusion, we have demonstrated bistability in a directional emission equilateral triangle microlaser fabricated by planar semiconductor technology. The laser output spectra show that the optical bistability is caused by the mode competitions among the transverse modes. The results of two-mode rate equations indicate that the competing modes with asymmetrical cross nonlinear gain and different output efficiencies can result in the optical bistability. We expect that the bistable equilateral triangle microlasers are suitable for complex optical signal processing in photonic integrated circuits and can have fast response time.
